One of the complications of diabetes mellitus is diabetic ulcer. Diabetic ulcer is commonly infected by infectious agents, especially methicillin-resistant Staphylococcus aureus (MRSA). This study aimed to evaluate the potential effects of alcoholic extracts of Aloe vera, Apium graveolens, and Sauropus androgynus on promoting wound healing in a diabetic wound infected with MRSA.
Introduction
Diabetes mellitus (DM) in humans is also known as a silent killer. It has the highest prevalence in the world [1] . Pathophysiologically, DM is caused by the destruction of beta-pancreatic cells, which leads to a decrease in insulin synthesis [2] . The decrease in insulin impairs the metabolism of whole-body cells [3] , including skin cells [4] . Further, it can impair the regeneration of skin cells in both normal and pathological conditions. Thus, injuries in DM patients commonly become chronic, leading to diabetic ulcers [5] . Diabetic ulcer facilitates colonization of bacteria, such as Staphylococcus aureus, to form biofilms on the wound area [6] . S. aureus infection can become more serious if it is resistant to antibiotics such as methicillin; S. aureus resistant to methicillin is termed as methicillin-resistant S. aureus (MRSA) [7] . In addition, MRSA infection on diabetic wounds increases the financial burden. The inhibition of colonization with MRSA biofilm is an effective procedure to prevent further infection and increase wound healing activity [8] . However, the utilization of antibiotics is not recommended because it can generate severe resistance profiles. Natural antioxidants and antibacterial compounds used in herbal remedies are known to be efficient in treating infected wounds.
Most herbal remedies consist of phenolic compounds that are potential of natural antioxidants [9] . These antioxidants, on topical application, inhibit the oxidative effects in the skin due to reactive oxygen species (ROS) and increase the local cellular immune response [10] . Aloe vera, Apium graveolens, and Sauropus androgynus are commonly used as traditional medicines in Indonesia.
A. vera contains several bioactive compounds such as tannin, saponin, flavonoid, and alkaloid [11] . Indonesians use A. vera to treat digestive disorders. A previous study reported that A. vera has a beneficial constituent, which acts as an anti-inflammatory agent activating cluster of differentiation (CD4+) and CD8+ lymphocytes on wound tissue [12] . In the pharmaceutical industry, A. vera has been synthesized for its antioxidant, antifungal [13] , and antibiotic properties [14] . S. androgynus has similar antioxidant compounds, and it is commonly used as an antioxidant and antitoxic and to prevent ROS production [15] . The utilization of S. androgynus as the feed additive in a broiler increases the immune expression of CD4+/CD8+ lymphocytes that help depress cellular destruction during aflatoxicosis [16] . Similar to the others, A. graveolens is used as an antifungal agent [17] , an anti-carcinogenic agent for the treatment of lymphoblastic leukemia, and a radical scavenging agent [18] .
Thus, a therapeutic approach for diabetic wounds infected with MRSA using A. vera, A. graveolens, and S. androgynus is necessary to be elucidated, not only for the complementary therapy but also to increase the value of those herbals in pharmaceutical industries.
Materials and Methods

Ethical approval
All the animal protocols were approved and monitored by the Ethical Clearance Committee of Faculty of Veterinary Medicine, University of Gadjah Mada, Yogyakarta, Indonesia (approval number: 0046/EC-FKH/Int/2019). The experiments were conducted at the Integrated Laboratory, Faculty of Health, University of Muhammadiyah Sidoarjo, East Java, Indonesia, and Department of Pathology, Faculty of Veterinary Medicine, University of Gadjah Mada, Yogyakarta, Indonesia.
Herbal preparations
Herbal specimens were collected from a botanical market in Batu, Malang, East Java, Indonesia. Herbal species were identified at the Plant Conservation Center, Botanical Garden of Purwodadi, Indonesian Institute of Sciences and deposited with the voucher number: 0276, 0277, and 0278/IPH.06/HM/II/2019.
Extraction of A. vera, A. graveolens, and S. androgynus
The herbal specimens were dried in an oven at 80°C for 1 h. The dried herbals were macerated using 70% alcohol (one part of dried herbal: Four parts of 70% alcohol) and then evaporated using an evaporator. The extracts were stored in a refrigerator at 4°C to maintain their stability until further use.
Preliminary study
The preliminary study was conducted using a minimum inhibitory concentration (MIC) test. The extract was tested against MRSA suspension using the microdilution technique. The concentration of the extract varied from 100%, 50%, and 25%, until it was 0% concentration. The mixture of MRSA suspension and the extracts were incubated at 37°C for 24 h using an incubator. After 24 h, the absorbance values of the suspensions were measured using a spectrophotometer. The MIC of the extract that inhibits more than 50% bacterial growth was utilized in the preparation of the cream formulation in the in vitro study. Based on the preliminary study, it was concluded that 2% of the extract was the effective concentration against MRSA isolate in vitro, and this concentration was utilized in the cream base formulation.
Cream base formulation
The cream base contained stearic acid, potassium hydroxide, glycerin, methylparaben, propylparaben, and distilled water. The cream base was obtained by constantly stirring all ingredients at 70°C until homogenous. The extract was added to this cream base. This study utilized the 2% A. vera cream, 2% A. graveolens cream, 2% S. androgynus cream, and the combinations of 2% A. vera + 2% A. graveolens + 2% S. androgynus cream.
MRSA isolate
The MRSA isolate was obtained from the Department of Microbiology, Faculty of Medicine, the University of Airlangga Surabaya, with authentication number: 53/UN3.1.1/MK/LL/2019. The MRSA isolate was enriched using Staphylococcus agar. The Staphylococcus agar was made by mixing 75 g sodium chloride, 10 g casein peptone, 5 g dipotassium phosphate, 2 g lactose, 30 g gelatin, 10 g D-mannitol, 2.5 g yeast extract, 15 g agar, and 1 L distilled water. The isolate was then transferred to broth media and incubated for 6 h until it showed turbidity of 0.5 McFarland.
Animal models and experimental design
A total of 60 male Sprague-Dawley rats (6 months old, weighing 250-300 g) were used. These rats were induced by the intraperitoneal injection of 65 mg/kg body weight of streptozotocin. The blood glucose level was monitored on days 3, 5, and 7 after induction. The Sprague-Dawley rats with a stable blood glucose level (more than 235 mg/dL) were used as the DM animal models. On day 7, the backs of the diabetic Sprague-Dawley rats were shaved, and two circular wounds (4 mm in diameters) were created. The wounds were then infected with 30 µL of MRSA isolate and covered with a silicone dressing to ensure the bacteria completely infected the tissue. These rats were divided into six groups and were treated as follows: Group I = control group without treatment; Group II = treated with cream base without extract; Group III = treated with 2% A. vera cream; Group IV = 2% A. graveolens cream; Group V = 2% S. androgynus cream; and Group VI = 2% A. vera + 2% A. graveolens + 2% S. androgynus cream. Before the treatment, the wounds were incubated for 24 h. The treatment was conducted twice a day for 14 days.
Blood collection
Data were collected on days 7 and 14 after the treatment. Wound area, percentage of the wound area, C-reactive protein (CRP) value, and histopathology were determined. On day 7, a total of 30 Sprague-Dawley rats were euthanized using lethal doses of dissociative anesthetics (150 mg/kg ketamine + 10 mg/kg of xylazine). Before euthanizing the rats, blood was collected from the tail vein. These blood samples were kept at room temperature until the serum was separated. The CRP value was measured following the method described in a previous study [19] .
Macroscopy and skin tensile strength
After euthanizing the rats, the wound area was measured using a digital caliper. The wound area on the day (x) was measured using the formula=diameter 1 (mm)×diameter 2 (mm). The percentage of the wound area was counted using the formula:
( )
Wound area day (x) Percentage wound ar ×100 Wound area day (0) ea % = Further, the tensile strength of the skin was measured using a tensiometer. Two sides (left and right) of the wound were clamped using tissue clamps. Loads were then applied to the right side until the skin tissue was torn apart. The result is expressed in grams.
Histopathology and immunohistochemistry
The skin samples were collected and stored in 10% neutral buffered formalin for 24 h. The skin was then processed for histopathology. The skin samples were dehydrated and cleared using graded alcohol and xylene. They were then embedded in paraffin blocks. The blocks were then cut using a microtome at 0.5 µm thickness. Further, the tissues were stained using hematoxylin and eosin and Mallory's stain. The purpose of the staining was to express the tissue component and collagen deposition on the tissue. Immunohistochemistry analysis was performed on the tissue specimens using the antibody against vascular endothelial growth factor (VEGF) (Santa Cruz Biotechnology, Inc. VEGF (C-1): sc -7269) and cyclooxygenase-2 (COX-2) (Santa Cruz Biotechnology, Inc. COX-2 (D-12): sc -166475).
Morphometry
The histopathology and immunohistochemistry slides were analyzed by a single histopathologist. Further, the epidermal thickness, ratio thickness of the natural dermis on both sides of the wound, and immunohistochemistry were analyzed using ImageJ software (NIH, USA, Public Domain, BSD-2). However, the sections were scored based on the presence of fibroblasts, collagen deposition, and inflammatory cell infiltration using the following scoring system, 0 = absent; 1 = minimal; 2 = mild; 3 = moderate; and 4 = severe.
Statistical analysis
The normally distributed and homogenous data were analyzed using a parametric test. The non-normal and non-homogeneous data were analyzed using a non-parametric test. Following these analyses, the wound area, percentage of the wound area, and CRP level were analyzed by two-way ANOVA and a post hoc test. However, histopathology results were analyzed using the Kruskal-Wallis test and the Mann-Whitney U-test. This study utilized p≤0.05.
Results
CRP level
CRP is the main acute phase protein that influences inflammation. An increase in the level of CRP in the blood indicates systemic and local inflammation. The rats treated with A. vera, A. graveolens, and S. androgynus creams and their combination showed a lower CRP level than the untreated controls (p≤0.05). The CRP level in Groups I and II was higher than that in the herbal extract-treated groups, indicating that inflammation in Groups I and II was more severe than that in the other groups (Table-1 ). This finding shows that, as a topical treatment, A. vera, A. graveolens, and S. androgynus creams and their combination inhibited the local inflammation and infection on the wound tissue.
Macroscopy
The wound healing progress could be examined by the measurement of the wound's macroscopic appearance. The treated Groups III, IV, V, and VI showed similar wound healing. The wound area and percentage of wound area in Groups III, IV, V, and VI completely healed on day 14; however, Groups I and II did not show any healing (p≤0.05) as revealed by the larger wound areas in these groups (p≤0.05) (Table-2 and Figure-1 ). 
Tensile strength of skin and collagen deposition
Following the macroscopic examination, the tensile strength of skin was measured to analyze skin integrity. The tensile strength of the skin is associated with collagen deposition in the skin. The tensile strength of the skin in Groups III, IV, V, and VI was higher than that of the control group, p=0.00 (p≤0.05). The skin in Group VI (treated with a combination of A. vera, A. graveolens, and S. androgynus) was the highest, followed by that in Groups IV, III, V, and control. Collagen deposition was studied by Mallory staining. Group VI had higher collagen deposition than the others (Table-3 ). The control group showed severe hemorrhage in the dermal part; however, this was not observed in Groups II, III, IV, V, and VI (Figure-2) .
Histopathology
The epidermal thickness in the treated Groups III, IV, V, and VI increased throughout the experimental period (on days 7 and 14). However, there was no increase in the epidermal in the control group. The thickness was greater in the combination treatment group than in the single treatment groups (p≤0.05). The combination treatment not only increased the epidermal thickness but also increased the thickness of the natural dermis and the number of fibroblasts and decreased inflammatory cell infiltration (p≤0.05) (Table-4 ). The histopathological images are shown in Figure-3 . Immunohistochemistry VEGF and COX-2 are important factors that influence wound healing in both diabetic and non-diabetic healings. VEGF expression in the treated groups was higher than that in the control group (p<0.05) (Table-5), indicating that the treatments have the potential to promote the expression of VEGF. Further, Group VI showed the highest VEGF expression. All treated groups showed a decrease in the level of COX-2 during the observation period (p<0.05); however, COX-2 level remained high in Groups I and II (Table-5 ). The increased expression of VEGF and the decreased expression of COX-2 in the wound area indicate that the treatments promoted healing. The expression levels of VEGF and COX-2 in the skin are shown in Figure-4 .
Discussion
The incidence of DM-related amputation is more than 35.1% globally [20] . It is necessary to accelerate wound healing in DM patients. A. vera, A. graveolens, and S. androgynus contain antioxidant compounds, including phenols, which have the potential to scavenge hydroxyl radicals [21] . Hydroxyl radicals are produced by inflammation and can cause apoptosis. The highest apoptosis process in wounds in DM affects the matrix degradation that leads to chronic injury and inflammation [22] .
Local inflammation in wound tissues alters the CRP serum profile of rats. CRP is used as a marker of systemic inflammation and vascular diseases, and infection. In DM patients, an increase in CRP level is related to the risk of mortality [23] . During infection, CRP profile increased significantly and its decreasing The skin wound tissue of Group I with edema (a), Group II showed severe edema with a rash surrounding the wound area (c), Group III showed minimal wound area with scab (e) similar with that of Group IV (g), Group V (i), and Group VI (k); day 14 after treatment: The skin wound of Group I showed severe exudation with ulceration and large wound area (b), and it was similar to that in Group II (d), minimal wound area in Groups III (f), IV (h), V (j), and in Group VI (l). Scale bar: 1 cm. levels reflect a better prognosis [24] . A decrease in CRP level is closely related to the healing of cutaneous wounds [25] . The CRP level rises within an hour after injury, and it accumulates in necrotic and inflamed tissues. However, CRP level is not only related to inflammation but also to promigratory properties that support wound healing in the early stage and gradually decrease during tissue recovery [26] . The decrease in CRP levels observed in the treated Groups III, IV, V, and VI might have been because of the phenolic compounds present in A. vera, A. graveolens, and S. androgynus extracts that act as the antioxidant, antibacterial, and anti-inflammatory agents. The control group showed a high CRP level because of the increased necrotic and inflamed wound area. Histopathological examination of the DM wound infected with MRSA showed the appearance of severe inflammation dominated by neutrophil infiltration, indicating local oxidation that supports wound healing in the early stage but is detrimental at later stages [27] . Neutrophils prevent bacterial colonization and release several enzymes such as COX-1 and COX-2 that promote prostaglandin synthesis [28] . COX-2 is the primary protein that is expressed at the first stage of inflammation, and in contrast to the inhibition of COX-2, it increases the aggregation of platelets and Different superscripts on the column show significance value p≤0.05. VEGF=Vascular endothelial growth factor, COX-2=Cyclooxygenase-2 supports the proliferation and maturation of extracellular matrix (ECM) [29] . The inhibition of COX-2 in cutaneous wounds improves the healing through the inhibition of iNOS expression [30] . Tissues of rats treated with A. vera and A. graveolens showed better histology and COX-2 expression than those of the control and S. androgynus-treated rats. However, the combination of these three herb extracts showed a synergistic effect.
The topical application of these herb extracts in a cream-based formulation decreased the local oxidation at the site of skin injuries. A. vera, A graveolens, and S. androgynus creams increased skin integrity by promoting collagen deposition in the wound matrix and increasing the skin tensile strength. The collagen deposition on the wound area is facilitated by the formation of new blood vessels [31] . The new blood vessels influence the vascularization of the local skin that mediates oxygenation, nutrient supply, and the cells migration/infiltration so that the healing increases concomitantly. The high vascularization is identified by the appearance of VEGF in scar tissues. VEGF is a prominent pro-angiogenic factor for wound healing that facilitates the cells to migrate to the wound area [32] . The high expression of VEGF leads to tissue repair and re-arrangement of the ECM. The treated groups showed higher VEGF expression than the control (p<0.05). The combination treatment group showed the highest VEGF expression.
During the healing of the wound infection, the utilizations of the antioxidant compound and antibacterial agents in the first stage of therapy support the destruction of infectious bacteria [33] . These mechanisms cause the minimal respond of inflammation but effective against injury. However, a minimal inflammatory response is caused by the radical scavenging activity of the antioxidant; this is effective because it directly acts on the side of wound infection. The minimum inflammatory response still consistently activates other healing factors such as fibroblast to proliferate and growth factors to increase recovery concomitantly without going through another phase. Short inflammation period minimalizes the synthesis of several enzymes such as COX-2 that inhibit the healing [34] , and it potentially affects the tissue oxidation. Minimal stress oxidation triggers the synthesis of growth factor including VEGF that supports tissue oxygenation and provides nutrition to the fibroblast to proliferate and synthesize collagen to establish the ECM. The results also showed the better re-arrangement of the collagen matrix in the treated Groups III, IV, V, and VI compared to that of the control. As the synthesis product of fibroblast, the collagen compiles the matrix with high density and increase the tensile strength of the skin [35] . This result is similar to that of a previous study, which described that better collagen deposition increased the tensile strength of the skin [36] . Further, collagen deposition influences the ratio of thickness of natural dermis with the scar tissue; higher collagen deposition affects the increasing thickness of the scar tissue. Another observation showed that utilization of herb extracts in this study increased the epidermal thickness -the epidermis potential as the water barrier and another invasive disturbance. The epidermal thickness on the treated groups increases conformable with the observation periods, however not regarding the control group. These results reflected that the herbal cream therapies were effective against the epidermal thickness due to its antioxidant compounds [37] .
All these microscopical mechanisms were reflected in the appearance of the skin wound in the treated groups. This study showed that the microscopic examination of the healing skin wound of the DM rat was synergistic with its macroscopic condition. The wound on the skin of the DM rats showed that there was no progress in healing because the DM condition impaired the cellular and immune responses [38] . Further, the DM condition is quite contradictive and its impact on the inflammation process, such as promoting the high synthesis of COX-2 on the wound tissue. In DM, COX-2 can be termed as the double-edged sword. In the advance mechanism, it impacts the regulation of cell proliferation and maturation through its oxidative pathways.
Conclusion
The cream formulations of the extracts of A. vera, A. graveolens, and S. androgynus and their combination promote wound healing in DM rats due to their antioxidant effect, ability to decrease inflammatory cell infiltration, and expression of VEGF in the wound area. They also decrease CRP level and COX-2 production, increase the number of fibroblasts, collagen deposition, tensile strength of the skin, epidermal and dermal thickness, thereby promoting wound healing.
Authors' Contributions
YAP, KK, ADW, and YPK designed the research. YAP analyzed the data and interpretation. YAP, KK, and ADW performed the research. YAP, KK, ADW, and YPK collaborated during the writing and revising of the manuscripts and approved the manuscript's final version. All authors read and approved the final manuscript.
